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METHOD OF PLASMA ETCHING OF SILICON 

The present invention relates to a method of plasma 
etching, ih particular of anisotropic plasma etching, of 
silicon £ccbrding to the definition of the species of the 
independent claims. 11 ? 1 ' - ' ' 



Background Inf ormat ion 



Qe r n idii - Patent- -l-»7--06- 6S2 C2- describes -a method of-. 
anisotropic high-rate plasma etching of silicon with Si0 2 , 

10 formed from the addition of SiF 4 and 0 2 to the actual SF 6 

etching agent, being used as a side wall passivating 
material. At the same time, CHF 3 , CF 4 , C 2 F,, or C-F B are 
added to the etching gas continuously or at determined 
intervals as Si0 2 - consuming additives ("scavengers") in 

15 order to selectively strip the Si0 2 on the structure base. 

Another high-rate etching method for silicon is .proposed, 
• for example, in German Patent £2 41-045-C2, where a high- 
density plasma source using inductive high-frequency 

20 excitation (ICP source) or a special microwave excitation 

(PIE source) is used for releasing fluorine radicals from 
a fluorine-delivering etching gas and for releasing (CF 2 ) X 
radicals from a passivating gas that delivers teflon- 
forming monomers, to form a teflon- type passivating 

25 material, with etching gas and passivating gas being used 

alternately . 
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Finally, from ^rman PatentT^Appl icat ion 4 3* 17 "5^3 Al it 
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is J^owjx that a mixture of SF ( - or another fluorine- 
delivering etching gas and CHF 3 or another passivating gas 
forming teflon-type monomers can be exposed to a high- 
density plasma, so that the fluorine radicals etch the 
silicon structure base and at the same time the teflon 
type monomers form a passivating material on the 
structure side walls thus ensuring an anisotropic 
character of the etching process. 

>^e-- : 6fo^I"e''Ct- of- t^present invention is to improve 

existing plasma etching methods for silicon so that 
higher etching rates, lower profile deviations in 
etching, and better environmental compatibility of the 
process gas are ensured by using novel process gases. 



Advantages of the Invention* 

T-iia-jneLhod according to the present invention having the 
ch a rac Lex i z_ing features of the independent claims has the 
advantage over the related art that it allows improved 
profile control and higher etching rates in the plasma 
etching process of silicon, in particular, in an 
anisotropic high-rate plasma etching process. At the same 
t ime , the process gases used are considerably more 
environmentally compatible than the process gases or 
additives used previously with respect to the greenhouse 
effect, and are therefore also available long-term. 



Furthermore, when using f luorine -del ivering etching gases 
C1F 3 , BrF 3 or IF 5 , large amount s of f luorine are released 
even at a relatively low plasma excitation, so that they 
are very efficient with regard to the excitation and the 
high silicon etching rates achieved, while not requiring 




that the plasma source such as an inductive plasma source 
or a microwave plasma source deliver a high power. 
Furthermore, it is advantageous that, in particular, C1F 3 
when it decomposes to form ClF or BrF 3 when it decomposes 
5 to form Br F releases lighter and a larger number of 

fluorine radicals than the known SF 6 via its preferential 
decomposition reaction resulting in SF 4 . In addition, the 
reaction on decomposition of C1F 3 to ClF and 2F* and of 
BrF 3 to BrF and 2F* requires a much lower activation 

10 energy than the reaction of SF 6 to SF 4 and 2F* . Thus, 

advantageously also fewer interference effects, capable 
of negatively affecting the etching profiles obtained, 
occur in the plasma source due to the lower high- 
frequency or microwave power required for producing the 

15 large amounts of fluorine radicals needed. 



Further advantages result from the fact that when using 
interhalogen fluorides as fluorine -delivering etching 
gases, no sulfur precipitation can occur in the waste gas 
20 zone of the etching system, which would otherwise have to 

be eliminated or suppressed. 



Finally, in particular C1F 3 and BrF, are chemically 
unstable and in air they easily hydrolyze forming HF plus 

25 HC1 or HBr, respectively, with atmospheric moisture. 

Therefore, no greenhouse effect occurs with these 
compounds or gases, so that their industrial availability 
is guaranteed even long-term from the environmental point 
of view, which is not unconditionally true for SF 6 , for 

3 0 example 

v NF 3 , an additive used from time to time in the process gas 

\ to consume the passivating material, in particular SiO^ or 
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a teflon-type material, has the advantage over additives 
based erpt fluorocarbon compounds known -ffem the related 

y ■■. 

that considerably stronger stripping of the 
dielectric layers masking the structure base is achieved, 
5 so that it has to be used in considerably smaller amounts 

in the respective plasma etching process compared to the 
known additives, with the result that the overall process 
is less subject to negative effects, in particular 
dilution of the other active reagents, which otherwise 
10 necessarily occurs . 

Furthermore, the NF 3 additive has a relatively short life 
in air compared to f luorocarbons (CHF 3/ CF 4 , C 3 F 6 , C 4 F a , 
C 2 F 6 , etc.) due to its weaker hydrolysis effect, which 
15 also prevents the greenhouse effect from occurring. NF 3 

reacts with atmospheric moisture even after a short time. 
In contrast to f luorocarbons which act as greenhouse 
gases, long-term industrial availability is also ensured 
inthiscase. 

20 

Addition of a light and easily ionizable gas, i.e., of a 
gas with a low atomic mass such as He, H 2 , or Ne , from 
which slightly positively charged ions are obtained, to 
the etching gas has the advantage that charging effects, 

25 which manifest themselves as interference, in particular 

at the junctions between electrically conductive silicon 
and electrically insulating dielectric materials used, 
for example, as masking materials or buried sacrificial 
layers, are considerably reduced. Thus considerable 

30 improvement in the etching profiles are obtained is 

achieved, in particular at the junction of silicon with a 
buried oxide layer, a polymer stop layer, or at the mask 
edge, i.e., junction of the dielectric masking layer 




(photoresist or hard material mask made of Si0 2 ) with the 
silicon to be etched. 



This charging effect is based on the fact that negatively 
5 charged electrons, which act upon the wafer surface 

anisotropically, go preferentially to the side walls of 
the structure to be etched, so that the side walls become 
negatively charged with respect to the etching base. 
These electrons move relatively freely within the 

10 electrically conductive silicon, while the positively 

charged ions on the electrically insulating etching base 
are stationary. Thus, the movable electrons tend to move 
into the junction region between silicon and the 
dielectric material, generating a strong electric field 

15 there. In the steady-state case these fields on average 

result in exactly as many ions going to the side walls as 
there were electrons previously, since they are deflected 
by the electric fields of a similar strength toward the 
side wall. This effect is described in the literature as 

20 the "notching phenomenon" and results in the formation of 

large pockets etched into the side wall. 



The addition of a light, easily ionizable gas such as He 
advantageously reduces this formation of pockets 
25 considerably. 



Another problem caused by electrical charging effects, 
which is also eliminated by the addition of a light, 
easily ionizable gas, occurs at the upper mask edge. The 
30 surface of a dielectric masking layer on the silicon 

wafer is negatively charged ("DC bias") by the "self - 
biasing" effect, often as a result of a high-frequency 
voltage applied to a conventional substrate electrode. 

5 




This charge is caused by the different mobilities of 
electrons and ions, i.e., in order to draw as many 
immobile ions as highly mobile electrons to the surface 
on average over time, a negative electrical bias must be 
built up there. If silicon is now etched in the openings 
of a masking layer, this accumulation of surface charges 
with respect to the newly produced silicon side wall 
results in concentration of electrons at the silicon to 
dielectric masking layer junction. Therefore ions are 
increasingly deflected into this upper part of the etched 
silicon trench, which also results in the formation of 
profile irregularities or pockets there. Finally, the 
addition of a light, easily ionizable gas to the etching 
gas has the advantage that the side wall film transport 
in^rn^nism known from German Patent 42 41 045 is improved 
in that more polymer is stripped from the etching base 
and less from the side walls, i.e., selectivity is 
improved . 



Advantageous refinements of the present invention are,, 
"deprived from the "measures named: in the subclaims-. 

Thus, it particularly advantageous that the methods 

according to the present invention can be combined, with 
the advantages of the individual methods being preserved. 
In general, it may be advantageous to also add argon to 
dilute the etching gas, to the gas forming the 
passivating material, in particular SiF 4 , to the additive, 
or to one of the gases used as a reactant such as oxygen, 
nitrogen, carbon dioxide, or a nitrogen oxide. 



In the mechanisms described above, overall the intensity 
of the electrical fields required to establish the 




dynamic equilibrium between the incidence of ions and 
x electrons directly depends on the ease with which the 

arriving ions can be deflected by electrical fields. u£ 
1^ U?«re"fore bbvTouS tha^'^lfel a t' i v'ely - he^avy ions- are only 
5 deflected by relatively high- intensity fields, while 

relatively light ions can be deflected even by relatively 
low- intensity fields, balancing the charges. By 
introducing a type of ion with a low atomic mass, it can 
be achieved to great advantage that only low field 
10 intensities are built up in the above - described regions 

and a sufficient number of these light ions is deflected 
even with these low field intensities so that they can 
balance the charges . 



15 The heavy ions occurring in the etching process, for 

example, as ionized molecules or molecule fragments of 
the etching gas or additives are no longer deflected by 
these electrical fields due to their mass and associated 
inertia, but go directly to the etching base, where they 

2.0 can advantageously promote an etching reaction or etching 

base polymer stripping, for example. Therefore, the 

addition of the light, easily ionizable gas results in 

separation, which is overall very advantageous, between 

light ions, which balance the charges, and heavy ions, 

25 which preferably affect the etching base. 

r 

In addition to the inert gas helium as a light gas, the 
use of hydrogen (H 2 ) is also advantageous in some plasma 
etching processes, as long as it is compatible with the 
30 process chemistry. The hydrogen molecule in its ionized 

form has an atomic mass of only 2, and also in plasma it 
dissociates in a particularly easy manner into positively 
charged atoms having an atomic mass of 1 . 

7 



~ f ir ot: embodiment is initially based on an anisotropic 
plasma etching process using a high-density plasma 
source, for example, an ICP plasma source, an ECR plasma 
source, or a PIE plasma se#*aee^--as-*k!!OWn""'''T 
P arent — ^7 • 6-9-2--€>3v ~ ' * v 



Instead of the fluorine-delivering etching gas SF 6 or NF 3 

.UsB^T in that patent, however, gaseous chlorine 
v 

trifluoride ClF 3 , bromine trifluoride BrF,, or iodine 

pentaf luoride IF 5 , or a mixture of these gases is added to 

the process gas as the etching gas in -st^f-r^HS*- embodiment . 

Chlorine trifluoride or bromine trifluoride, which can be 

supplied directly via a mass flow controller, i-s 
t 

pxeferabiy used, since they have a sufficiently high 
vapor pressure. When using liquid bromine trifluoride, 
its temperature is preferably held above 20 "C in order to 
convert it into gaseous form. An inert carrier gas, for 
example, argon, can also be added in^ known manner. 
Helium can also be used instead of argon. 

v. - v m . 

Furthermore , the SiO-> - consuming addi t ives -iknown . f ram- 
German patent ' 197 06 682"'C2- (CHF 3 ', CF 4 , C 2 f' 6 / etc. ) are 
replaced by nitrogen trifluoride NF 3 , which is added to 
the process gas continuously or at determined intervals. 
This additive is used in particular for faster removal of 
the passivating material from the etching base. 

-N-F-? decomposes under moderate plasma excitation, i.e., 
typical ICP excitation conditions, preferably into 
radical fragments NF X (where x = 1, 2) , which react in an 
extremely aggressive manner with dielectric materials and 




thus act as very effective stripping reagents with 
respect to Si0 2 , SiN, SiO x N y (silicon oxynitride) or 
teflon-type materials . 
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The amounts of fluorine released at the same time by the 
dissociation of NF 3 are almost negligible in comparison 
with the amounts of fluorine from the f luorine - del iver ing 
etching gases, for example, C1F 3 or BrF 3 , and also 
contribute to the silicon etching reaction. 

Passivation pf the structure side walls in the process is 
•^unchanged with respect to the teaching of German Patent 
197 06 682 ^-2 due to the addition, at least from time to 
time, of SiF 4 and a reagent selected from the group 0 2 , 
15 N : ,0, NO, NO x , C0 2 , N0 2/ or N 2 to the process gas. Oxygen is 

pre f erred . 

Regarding the other process parameters (in particular gas 
flow rates, process pressures, ion energy, and injected 
2t) plasma power) , reference is made to^the respective 

jengr^ am o t a :w » jtRewar-^enr- QeT nt an - Pgrberrt: US 7- 0^6 C2 , which K r , \ ^ 

can be largely used here. 

One ^pref ^rri?d composition of the processes based on the . 
the following recipe, for example: 

60 seem C1F 3 + 50 seem 0 2 + 50 seem SiF 4 + 70 seem He + 5 
seem NF 3 with constant addition, 20 mTorr pressure, 1000 W 
3 0 high-frequency power at a frequency of 13.56 MHz at the 

plasma source, 5 W to 20 W high-frequency power at the 
substrate electrode 
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or : 



100 seem BrF 3 + 50 seem 0 2 + 50 seem SiF 4 + 70 seem He, 

plus addition of 30 seem NF 3 periodically every 30 to 60 

vvK » civ t"r\A3 b*<L , _ 

seconds, .preTeratoly- every 4 5 seconds over a period of 5 
A 

seconds each time, 20 mTorr pressure, 1000 W high- 
frequency power at the plasma source , 5 W to 30 W high- 
frequency power at the substrate electrode. 



10 Another exemplary embodiment of the present invent ion is 

initially based on a method k»owoi^£xci«i German Patent 

"A 4 2 41 04 5-^. In this known method, anisotropic etching 

of silicon is performed using a microwave plasma or a 
plasma generated by an inductive plasma source in 

15 particular, anisotropic etching being carried out in 

separate alternating and successive etching and 
polymerization/passivation steps, which are controlled 
separately from one another. During the polymerization 
steps, a polymer is applied to a lateral structure 

20 boundary defined by an etching mask, and this polymer is 

stripped nway again in the subsequent etching steps. 

For this purpose, SF 6 is added to the process gas, at 
least from time to time, in particular during the etching 

25 steps, as the fluorine-delivering etching gas. During the 

polymerization steps octaf luorocyclobutane C 4 F 8 or 
hexaf luoropropane C 3 F 6 is also added to the process gas, 
in particular in the case of an inductively coupled 
plasma source, as a passivating gas delivering teflon- 

30 forming monomers. This passivating gas forms a teflon- 

type protective film as a passivating material, in 
particular on the side walls of the etched structures, 
protecting them from the etching attack by fluorine 

10 



radi cals . 



♦This essentially known method is improved according to 
the present invention by the fact that helium in the form 
5 of He 4 or He 3 is also added to the process gas at least 

from time to time, this addition taking place 
continuously both during the etching steps and during the 
passivation steps, since helium as an inert gas in no way 
affects the process chemistry. The addition of helium 
10 guarantees in both steps that undesirable charges are 

reduced and harmful ion incidence onto the side walls of 
the etched structures, as explained above, is permanently 
suppressed or reduced. 

15 As an alternative, fe rhfcf helium gas can, 

however, also take place only during the etching steps or 
only during the polymerization/passivation steps, i.e., 
the helium flow is added at determined intervals like the 
etching and passivating gas, helium gas advantageously 

20 being used specifically during the etching steps, since, 

especially in the case of post - etching , buildup of 
stronger stray fields in the trenches formed must be 
effectively suppressed even as they are generated. Helium 
is pTre-f ^rab l y added in both process steps continuously at 

25 a constant gas flow rate. 

A suitable helium gas flow rate ^i^---R€Hfffieri-3r5f between 10 
and 100 seem; however, lower or, in particular, higher 
flow rates are also possible, depending on the suction 
30 capacity of the attached turbomolecular vacuum pump of 

the etching system. 

In order to support the stripping of the passivating 
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material from the etching base, NF i can be used, at least 
from time to time, in this case too, as a substance to 
consume the passivating material. 



b A p-r-e-f~»r3f~e<d composition of the process gas in the case of 

plasma generation via an inductively coupled plasma 
source (ICP source) is given by the following recipe, for 
example, based on German Patent j4^-4i — &4*&— : 

10 Passivation step: 

100 seem C 3 F 6 or C 4 F S + b0 seem He over 5 seconds at 12 
mTorr pressure, 800 W high-frequency power at the plasma 
source, no high-frequency power at the substrate 

' \ electrode . 

iS 

Etching step : 

130 seem SF 6 + 20 seem 0 2 + b0 seem He over 9 seconds at 
20 mTorr pressure, 800 W high-frequency power at the 
plasma source, 5 W to 20 W high-frequency power at the 
20 substrate electrode . 

Further embodiments- of the process gas composition, based 

on the method according to German Patent TZ'"4T $45 G-2 , 

V 

are given by the following recipes, in which the 
25 fluorine-delivering etching gas SF 6 is replaced by C1F 3 or 

BrF 3 in the etching steps. Furthermore, NF 3 is added, at 
least from time to time, to the process gas in the 
etching steps as an additive that preferential ly-. s.t^x-Lpe 
the passivating teflon material in particular from the 
30 etching base. The process parameters in the passivation 

steps remain unchanged with respect to the previous 
example . 
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Etching step: 

200 seem C1F, + 10 seem NF 3 
at 20 mTorr pressure, 1000 
plasma source, 5 W to 20 W 
substrate e lect rode 




+ 50 seem He over 10 seconds 
W high-frequency power at the 
high-frequency power at the 



or : 

Etching step : 

200 seem C1F 3 + 50 seem He over 10 seconds at 20 mTorr 
pressure, plus 30 seem NF 3 during the first 3 seconds of 
the etching steps, 1000 W high-frequency power at the 
plasma source, 5 W to 2 0 W high-frequency power at the 
substrate electrode. 



Other recipes use 0 2 as an alternative to NF ? as the 
^^L^Xe r j^ed additive for stripping the teflon-type 
passivating material in particular from the etching base. 
Oxygen is considerably less aggressive than the NF 3 
fragments obtained in the plasma; therefore, a 
considerably higher amount of oxygen must be added, at 
least from time to time, to the etching gas. 



The considerably lower proportion of oxygen added in a 
previous recipe to SF 6 used as an etching gas was used 
there only for suppressing precipitation of sulfur in the 
gas waste gas zone. However, such precipitation does not 
occur when using ClF 3 as the etching gas, so that the 
amount of oxygen added to C1F 3 , at least temporarily, is 
available in its entirety for stripping the passivating 
material, in particular of the etching base. Thus, in the 
further passivation steps, which are unchanged regarding 
composition and process parameters, the following 
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advantageous recipe is obtained for the etching steps: 



Etching step : 

250 seem ClF, + 50 seem He over 10 seconds plus 100 seem 
5 Q 2 during the first 4 seconds, 30 mTorr pressure, 1200 W 

high-frequency power at the plasma source, 5 W to 3 0 W 
high-frequency power at the substrate electrode. 



or : 
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Etching step : 

200 seem ClFj + 50 seem He + 50 seem 0 2 over 10 seconds, 

30 mTorr pressure, 1000 W high-frequency power at the 

plasma source, 5 W to 30 W high-frequency power at the 

\5 substrate electrode. 

*\ 

Regarding the other process parameters , reference is made 
to the respective parameters Jknown from German Patent 
T^r-tt—iMS — Gi , which can otherwise be largely retained. 

20 

If hydrogen is to be added to the process gas as the 
light, easily ionizable gas, this addition can be 
* performed on the basis of German Patent 4,2— 4-1 — &4r$ CI only 
during the passivation steps. Hydrogen added to the 

25 etching gas would react with the released fluorine 

radicals to form HF, thus neutralizing the latter, i.e. , 
these fluorine radicals would subsequently no longer be 
available for an etching reaction with silicon. 
Furthermore, due to the oxygen contained in the etching 

30 step, there is a danger of explosion due to the formation 

of oxyhydrogen gas in the waste gas zone of the etching 
system. Finally, the hydrogen added must also be taken 
into account in the passivation chemistry of the 

14 
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passivation step. Since oct af luorocyclobutane C 4 F B or 
hexaf luoropropene C 3 F 6 added from time to time, in 
particular during the passivation steps, to the process 
gas as a passivating gas becomes poorer in fluorine by 
the addition of hydrogen, it is advantageous in this case 
to replace it with a passivating gas that is richer in 
fluorine. Perf luoroalcanes such as C 2 F 6 , C 3 F B or, 
preferably, C 4 F 10 for example, are eminently suitable for 
this purpose . 



Thus not only is excess fluorine bound in the passivation 
steps via the addition of hydrogen, forming HF , while the 
desired polymerization effect is achieved, but also 
sufficient hydrogen is always available for an ionization 
15 reaction in order to reduce charging phenomena. 

In the case of hydrogen addition to the process gas, 
suitable process parameters are given by the following 
IcexLjuswa-, in the basis of a method of the type described m 

20 German Patent 42- 41 6i ; it must be ensured, by 

appropriate measures in the waste gas zone, that no, , 
danger of explosion arises. For this purpose, ^a- dev-it?e 
p -known per for catalytic hydrogen conversion is 

provided between a turbomolecular pump used in the waste 

25 gas zone and a vane-type rotary pump, for example. 

Passivation step : 

100 seem C 4 F 13 + 70 seem H 2 over 5 seconds at 12 mTorr 
pressure, 800 W high-frequency power at the plasma 
30 source, no high-frequency power at the substrate 

electrode . 

Etching step : 
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130 seem SF.v + 20 seem 0 2 over 9 seconds at 20 mTorr 
pressure, 800 W high-frequency power at the plasma 
source, 5 W to 20 W high-frequency power at the substrate 
electrode . 

5 

Another recipe provides, in contrast to the previous 
unchanged passivation steps, replacement of SF 6 as 
fluorine -delivering etching gas with BrF 3 , to which NF 3 is 
added, at least from time to time, as an additive for 
10 -prefeTentially stripping the passivating teflon material 

in particular from the etching base. 

Etching step: 

150 seem BrF 3 + 50 seem Ar or helium (as inert carrier 
15 gas) + 10 seem NF 3 over 10 seconds, 25 mTorr pressure, 

1500 W high-frequency power at the plasma source, 5 W to 
30 W high-frequency power at the substrate electrode. 

K 

V By adding helium or hydrogen in order to suppress profile 

2€ deviations, higher silicon etching rates can also be 

easily achieved in that the performance parameters of the 
plasma etching process used, in particular the plasma 
source power, are scaled up from 800 W to 3000 W, for 
example . 

25 

Finally, selectivity between side wall polymer film 
stripping and etching base polymer stripping during the 
etching steps is also improved by the process gas 
addition according to the present invention, in 
30 particular by addition of He or H 2 , in that etching base 

polymer stripping is accelerated and side wall polymer 
film stripping is reduced. This is one result of the 
-preferred deflection of the lighter ions toward the side 
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wall, while heavy ions reach the etching base unimpeded. 



The addition of light and easily ionizable gases such as 
H 2f Ne or preferably He is more effective the lower the 
5 frequency of the substrate electrode voltage at the 

substrate electrode, since the lighter ions can follow 
the variation of the electrical field more easily due to 
their lower inertia. Applying a high-frequency substrate 
electrode voltage to the substrate to be etched via a 
10 substrate voltage generator (bias power) i?''ffi^p«r se 

■^e-fio^wa 1 iv used for accelerating the ions obtained 
in the plasma onto the substrate . 



In the above exemplary embodiment, the frequency of the 
15 high-frequency substrate voltage used is reduced for this 

purpose, for example, from the usual 13.56 MHz to less 
than 2 MHz. Thus the difference in mass between the 
1 ighter gas component and the other component s of the 
etching gas is used to greater advantage. 
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